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Ionic liquids (ILs) have received great attention within the last decade due to their special properties such as their negligible vapour pressure, ionic conductivity, thermal stability and the ability to dissolve a range of organic and inorganic compounds. 1 Ionic liquids have found a multitude of applications ranging from green solvents and metal extractions to gas cleaning. [2] [3] [4] Their use in inorganic and materials chemistry has also been reported. 5, 6 Metal-containing ionic liquids combine the properties of ionic liquids with the intrinsic properties of the metal incorporated. 7 Well-known metal-containing ionic liquids are the chlorometallate-based systems, which have recently been reviewed by Estager et al. 8 These chloroaluminate ionic liquids (ILs) are well studied and their catalytic properties are extensively used. 9, 10 Friedel-Crafts-reactions in the chloroaluminate ILs are a good example of the applicability of this type of compounds, since the Lewis acidity can be adjusted for applications. 11 These compounds often show complex anionic equilibria in the liquid phase. Some of their potential applications are in catalysis or as key components for biomass processing. Transition metals such as Co, Zn and many others have also been used to obtain metal-containing ionic liquids. [12] [13] [14] Lin et al. have reviewed some of these metal-containing ILs with imidazolium used as cation. 15 Another example of metalcontaining ionic liquids are deep-eutectic-solvents with metals incorporated as anions or cations, firstly introduced by Abbott et al. 16 Yoshida et al. reported in 2005 room-temperature (RT) ionic liquids containing iron(III) ions based on 1-ethyl-3-methylimidazolium cations. This ionic liquid exhibited high conductivity and fluidity and characteristic magnetic properties due to the metal incorporated. Backer et al. have reported on iron-containing magnetic ionic liquids, which are good examples of these materials adding additional intrinsic properties such as magnetism. 17 We have been the first to incorporate highly charged metals, the lanthanides(III), into an ionic liquid forming low-melting metal-containing ionic liquids. 18 These metal-containing ionic liquids consist of 1-butyl-3-methylimidazolium (C4MIm) cations and heptathiocyanato lanthanate (III) anions with the general formula [C6MIm]5-x[Ln(SCN)8-x(H2O)x] (x = 0-2, C6MIm = 1-hexyl-3-methylimidazolium) (Ln = lanthanide). For the synthesis of these lanthanide-containing ionic liquids, a simple metathesis reaction was applied and the physical properties of these compounds were determined. Depending of the degree of drying under vacuum, these ionic liquids could contain from none up to two water molecules. Lanthanide compounds with [C2MIm] + cations and picrate anions (salt or an ester of picric acid, a 2,4,6-trinitrophenol) have been characterised in the solid state. Again, the presence of coordinating water facilitates the formation of single crystals. The photo-luminescent properties of these materials have been investigated and techniques such as IR, elemental analysis and conductivity measurements have been used. 19 Mallick et al. have investigated the thiocyanato lanthanate ionic liquids containing dysprosium, which was chosen for this study due to its luminescent and magnetic properties. 20 A water-free rare-earthcontaining ionic liquid, [C4MIm][Eu(Tf2N)4] was reported by Tang et al. and the photo-physical properties were investigated. 21 Ionic liquids have also been used as solvents for lanthanide spectroscopy, and one of the advantages of this is that due to the low vapour pressure of ILs, these solutions can be dried at high temperatures and under high vacuum, facilitating the removal of water coordinated to the lanthanide ions. 22, 23 The elimination of coordinated water reduces possible quenching effects. Samarium-containing ionic liquids were used to investigate photo-physical properties. 24 (Tf2N) 3)n (R = methyl, ethyl). 25 The melting point of this material was 74°C for the methyl functionalised IL and 87°C for the ethyl-functionalised IL with decomposition temperatures around 240°C. Single crystal structures of these complexes, dysprosium and the carboxylic imidazolium functionality were characterised. The magnetic properties of these compounds were investigated and single ion magnet behaviour at low temperatures was observed. A series of eleven new rare-earth-containing ionic liquids based on [La(NO3)6] 3-were reported by Ji et al. 26 The 
Results and discussion
A general synthetic scheme for the rare-earth-containing ionic liquids is shown in Scheme 1. The phosphonium chloride ionic liquids and salts were obtained from Cytec Industries. The synthesis of these lanthanide-containing ionic liquids is straightforward and can be done using two synthetic pathways, A or B, depending on whether the used rare-earth chloride salt is hydrated or anhydrous. For pathway A, three equivalents of the phosphonium salts were reacted with one equivalent of the respective hydrated rare-earth salt. Since the hydrated rare-earth chlorides are known to form undesired by-products such as oxochlorides, the first attempts to synthesise the RE series were done with anhydrous rare-earth chlorides (pathway B 
Crystal structure None of the compounds with [P666 14] + cations crystallises; therefore, suitable crystals for structure determination were obtained from the room temperature solids with a symmetric cation, [P4444] + . However, obtaining a crystal structure with reasonable quality turned out to be difficult even with these symmetric cations. Crystals of [P4444]3[EuCl6] were obtained by slowly cooling a melt from 80°C in a sealed ampoule to room temperature. Due to their hygroscopic nature, the crystals were collected in a glovebox under argon and sealed in quartz capillaries for the X-ray measurement. The crystal structure contains, as expected, 
EXAFS for the liquid state samples
Three ionic liquid samples were selected and investigated by means of X-ray Absorption Spectroscopy (XAS). These samples consist of [P666 14] + cations and [LnCl6] 3-anions (where Ln = Nd, Eu and Dy, respectively). The EXAFS-spectra and corresponding Fourier-transform (FT) signal for these samples are given in Figures 4-6 . The EXAFS data are summarised in Table  2 . The EXAFS measurements confirm the hexa-coordination of the lanthanide ions by six chloride ligands in the liquid state. Furthermore, these measurements show that the Ln‧‧‧Cl distance decreases with decreasing lanthanide ionic radius: 2.70 Å (270 pm) for Nd 3+ (ionic radius = 98.3 pm for the sixcoordinated trivalent ion), 2.66 Å (266 pm) for Eu 3+ (ionic radius = 94.7 pm for the six-coordinated trivalent ion) and 2.65 Å (265 pm) for Dy 3+ (ionic radius = 91.2 pm for the sixcoordinated trivalent ion). The increasing charge density leads to a stronger attraction between the lanthanide ion and the chloride ligands, resulting in a shorter Ln … Cl distance.
Luminescence properties
Lanthanides have intrinsic luminescence properties due to their f-f transitions. Some of the liquid compounds that show luminescence have been investigated. Terbium and europium show visible-light luminescence (see Figure 7) . Furthermore, samarium and dysprosium (see supporting info) and the NIR luminescence of the neodymium and erbium compounds have been measured. emission peaks (see Figure 8) . The peaks labelled j-n have been assigned to the corresponding electronic transitions in Table 3 . The sample could also be excited at 339.6 nm (29446 cm -1 ) giving rise to the same Eu 3+ peaks as when excited at 393.7 nm. No significant difference in intensity was observed. Monitoring the emission of the sample at 611.8 nm (16345 cm -1 , 5 D0→ 7 F2 transition), the excitation wavelength was varied between 250 and 500 nm to record an excitation spectrum. In the spectrum a broad band with a maximum at 339.6 nm (29446 cm -1 ) is visible. All other peaks in the spectrum can be assigned to transitions within the Eu 3+ ion's 4f shell. The peaks labelled a-i have been assigned to the corresponding transitions in Table  3 . Upon excitation at 355 nm with a pulsed light source, the emission at 611.8 nm shows a mono-exponential decay profile, corresponding to a luminescence decay time of 1095 μs or 1.095 ms ( Figure S9, Supporting Information) (Figure 9 ). The peaks labelled e-h have been assigned to the corresponding electronic transitions in Table 3 . The sample was also excited at 272.5 nm (36697 cm -1 ) giving rise to typical Tb 3+ peaks, but more intensive then when excited at 378.1 nm. Monitoring the emission of the sample at 548.2 nm (18242 cm -1 , 5 D4→ 7 F5 transition), the excitation wavelength was varied between 250 and 500 nm to record an excitation spectrum (Figure 9 ). In the spectrum a broad band with a maximum at 272.5 nm (36697 cm -1 ) is visible. All other peaks in the spectrum can be assigned to transitions within the Tb 3+ ion's 4f shell. The peaks labelled a-d have been assigned to the corresponding transitions in Table 3 . Upon excitation at 355.0 nm with a pulsed light source, the emission at 548.2 nm shows a mono-exponential decay profile. The luminescence decay time is calculated as 692 µs or 0.692 ms ( Figure S24 , Supporting Information). (Fig. 10) . The peaks labelled a-c have been assigned to the corresponding electronic transitions in Table 4 . Monitoring the emission of the sample at 1064.0 nm (9399 cm -1 , 4 F3/2→ 4 I11/2 transition), the excitation wavelength was varied between 250 and 850 nm to record an excitation spectrum. All the peaks in the spectrum can be assigned to transitions within the Nd 3+ ion's 4f shell. The peaks labelled a-e have been assigned to the corresponding transitions in Table 4 . Upon excitation at 355.0 nm with a pulsed light source, the emission at 1064.0 nm shows a mono-exponential decay profile. The luminescence decay profile is given in Figure S62 (Supporting Information). The luminescence decay time was calculated as 2470 ns or 2.470 µs, which is rather long for Nd 3+ in an organic compound. In comparison, Nd 3+ in a terephthalate MOF has been reported to have a luminescence decay time of only 0.43 μs. 28 This much shorter decay time can be explained by the coordinated water in this MOF, bringing O-H vibrations in very close proximity of the Nd 3+ ion and causing strong quenching of the luminescence and shortening of the decay time. The hexachloride coordination in the ionic liquid sample provides much improved protection against quenching influences, hence the longer luminescence decay time.
[P666 14]3[ErCl6]
. Upon excitation at 375.0 nm (26667 cm -1 ) with a CW diode laser, the sample shows only one narrow emission peak of Er 3+ (Figure 11 ). This peak, with a maximum at 1543.0 nm (6481 cm -1 ), can be assigned to the 4 I13/2→ 4 I15/2 transition. Monitoring the emission of the sample at 1543.0 nm (6481 cm -1 , 4 I13/2→ 4 I15/2 transition) the excitation wavelength was varied between 250 and 700 nm to record an excitation spectrum. Four peaks are visible in the spectrum and can be assigned to transitions within the Er 3+ ion's 4f shell. The peaks labelled a-d have been assigned to the corresponding transitions in Table 4 . Upon excitation at 355.0 nm with a pulsed light source, the emission at 1543.0 nm shows a monoexponential decay profile. The luminescence decay profile is given in Fig. S71 (Supporting Information). The luminescence decay time was calculated as 2725 ns or 2.725 µs. Magnetic Measurements. The results of the temperature dependant magnetisation measurements are plotted in Figure 12 as the product of χMT for the Nd, Er, Tb, Dy, Gd and Ho samples. The small variation for the background contribution for different sample capsules and mounting straws and heat contraction/expansion of the mounting straw moving the sample slightly off-centre during temperature scans contributes an uncertainty of around 5% to the magnetic moment. This is shown by the error bars in Figure S73 in the Supplement. All the samples displayed simple paramagnetic behaviour over the temperature range studied and returned constant χMT values, shown in Table 5 . Constant χMT values are expected, given the large distance between the metal ions. The Curie and Weiss constants for the different samples shown in Table S35 (Supplement) were obtained by fitting to the Curie-Weiss law
where C is the Curie constant, T is the temperature in kelvin and θ is the Weiss constant, see Figure S73 . The effective magnetic moments are consistent with those in the literature for the observed values of the lanthanide ions, within the range of experimental uncertainty. It should be noted that the Weiss temperatures are small enough that they can be taken to be zero within the experimental uncertainties. The Weiss temperature for the Nd sample is significantly larger than that for the other samples. This is due to the increased uncertainty in the measurement resulting from the much smaller magnetic response. The data for the Nd sample can however be convincingly fit with the Weiss temperature equal to zero. The Eu and Sm data were omitted completely as the measured magnetic response was too small to obtain a reliable effective magnetic moment, which from literature is observed to be in the ranges 3.3-3.5 B.M and 1. Fig. 13 as an example. Addition of LaCl3 to [P666 14]Cl altered its electrochemical behaviour (inset in Figure 13 shows cyclic voltammetry of [P666 14]Cl), thereby confirming the change in the anionic speciation of [P666 14]3[LaCl6] system. To reduce viscosity, voltammetric measurements were carried out at 110 °C and further increased to 120°C and 130°C. On the forward scan (towards the cathodic direction), a broad reduction peak around -1.5 V was observed and on the reverse scan (towards anodic direction), an oxidation peak around 0.6 V appeared.
When the scan direction was changed (anodic first), no peak around 0.6 V was observed which enabled the assignment of this peak to the oxidation of the reduced species at -1.5 V. These redox peaks became more pronounced with increment in current when the temperature of the electrolyte was increased; increase in current may be accounted for by reduction of the viscosity and thereby an increasing of the conductivity and mobility of the ions towards the electrodes. Chlorolanthanates unlike chloroaluminate ILs 30 did not show conventional electrodeposition of the La(0) and stripping peaks in the cyclic voltammogram. Although in nonhalometallate ionic liquid electrolytes 31 reduction of La(III) to La(0) is favoured thermodynamically, in a chloride rich, chlorometallate environment, existence of La(II) has been reported to be feasible. 32, 33 Chloride as a strong complexing ligand probably hinders the electroreduction of the [LaCl6] 3-species, whereas a dicyanamide complex of lanthanum favours electroreduction of lanthanum to its elemental form as reported in the literature. 34 Electrodeposition of metallic lanthanum from N-methyl-N-propylpiperidinium bis(trifluoromethylsulfonyl)-imide ionic liquid has also been reported. 35 All the current experiments were carried out in argon atmosphere inside a glove box, which eludes the possibility of interference by oxygen and moisture. Therefore, the redox peaks could be attributed to the reduction of La(III) to La(II) and then oxidation back to La(III). The oxidation process may be partial since the current area for the reduction peak is much larger than the area for the oxidation peak. Electrodeposition experiments were carried out using chronoamperometry by holding the potential at -1.5 V for 12 h at 150°C. No metallic deposits of La were observed.
Experimental

EXAFS.
Nd LIII edge (6.028 keV), Eu LIII edge (6.997 keV) and Dy LIII edge (7.790 keV) Extended X-ray Absorption Fine Structure (EXAFS) spectra of ionic liquid samples at room temperature were collected at the Dutch-Belgian Beamline (DUBBLE) at the European Synchrotron Radiation Facility (ESRF). 36, 37 The energy of the X-ray beam was tuned by a double-crystal monochromator operating in fixed-exit mode using a Si(111) crystal pair. A vertically collimating mirror in front of the monochromator and a vertically focusing mirror behind the monochromator, each with Si and Pt coatings, were used to align the beam during energy changes. The samples were measured in transmission mode using a N2/He filled first ionization chamber and an Ar/He-filled second ionization chamber to allow approximately 10% and 70% absorption respectively. For the liquid samples, custom-made brass sample holders have been designed which allow measurement of very thin samples (less than 1 mm path length), airtight and Kapton-windowed. The energy calibration was done using Fe foil (7.112 keV). Several scans were collected for each sample to check for reproducibility of the data and were averaged to improve the signal-to-noise ratio.
EXAFS data extraction and data fitting was performed using the programs WinXAS 38 , EXAFSPAK 39 and the Artemis suite 40 . Theoretical phase and amplitude functions were calculated using FEFF 8. Standard deviations on the fitted parameters have been mentioned between brackets. However, it should be noted that these values are most likely an underestimation of the real errors on the obtained values as also other errors have to be taken into account, such as systematic errors and correlation effects, which are much more difficult to estimate. This means that the real errors can be considerably larger than this standard deviation (which only indicates how much the parameters can vary without degrading the quality of the fit). General errors on coordination numbers of single shells are estimated to be in the order of 10 -15%. Errors in distances are usually quite small, usually in the order of ± 0.01 Å, as this is something that EXAFS can determine very accurately. Debye-Waller factors σ 2 are strongly correlated with the coordination number in the EXAFS formula, so errors on the Debye-Waller factors can also range between 10 and 25%. A more general idea of the goodness of the fit is given by the "weighted F-factor", a parameter generated by the EXAFSPAK software package 39 , representing χ 2 weighted by the magnitude of the data, and typically lying between 0.30 and 0.10 for a reasonable to good fit.
Differential scanning calorimetry (DSC).
Thermal profiles of the ionic liquids were obtained using a TA DSC Q2000 model with a TA Refrigerated Cooling System 90 (RCS), with the ILs sealed in a glovebox in TA Tzero alodined pans with hermetic alodined lids. A cooling and heating ramp of 5 °C min -1 was used, within the temperature ranging from -150 to 150 °C, and three scans were carried out for each sample.
Thermogravimetric analysis (TGA).
The temperature of decomposition was measured using a TA TGA Q5000, at a heating rate of 5 °C min -1 . All samples were sealed in the glovebox, in aluminium pans. The onset of the weight loss in each thermogram was used as a measure of the decomposition temperature.
Karl Fischer analysis. The water content of ionic liquids was measured by coulometric Karl Fischer titration using a GRScientific Cou-Lo Aquamax KF Moisture Meter. All samples were dried under high vacuum (60 °C, overnight) and stored in the glovebox prior to the measurements. DC magnetic susceptibility measurements were preformed using a Quantum Design MPMS DC XL SQUID magnetometer under an applied field of 100 Oe. The magnetization was measured as a function of temperature in the range 180 K -380 K both on heating and cooling the samples. There was no difference in the results observed. Diamagnetic corrections were calculated from Pascal's constants 42 and applied to all data.
Voltammetric experiments were carried out using 2 gram of ionic liquid in a three-electrode arrangement with platinum (1.6 mm diameter) as the working electrode, a bright platinum coil as the counter electrode in a counter compartment with the same electrolyte as used in the bulk experiment and separated from the bulk solution via a glass frit, and all potentials measured with respect to an Ag + /Ag reference (a silver wire immersed in 0.01 M AgNO3 solution in 1-butyl-3-methylimidazolium nitrate, [C4mim][NO3]) and separated from the bulk solution via a glass frit. The IR-drop was uncompensated. The platinum working electrode (Pt-BASi, US) was polished using an alumina slurry (Kemet, UK) of decreasing particle size (6-0.1 μm) on soft lapping pads, washed with distilled water, sonicated for 10 min, and dried with compressed air prior to each experiment. Electrodeposition experiments were carried out using a platinum disc of surface area 0.75 cm 2 (Alfa Aesar), the reference and counter electrodes being the same as for the voltammetric experiments. Cyclic voltammograms and potentiostatic deposition experiments were carried out with a PCcontrolled Autolab Type III Potentiostat.
Photoluminescence measurements were recorded on an Edinburgh Instruments FLSP920 UV-Vis-NIR spectrofluorimeter, using a 450 W xenon lamp as the steady state excitation source, a Hamamatsu R928P PMT photomultiplier working at -22°C for the visible range and a Hamamatsu R5509-72 photomultiplier operating at -80°C for the NIR range. For the Er 3+ ionic liquid samples the emission spectra were recorded using either a 100 mW CW diode laser emitting at 375 nm (only for sample [P666 14|[ErCl6]) or a Surelite I laser (450 mJ @1064 nm), operating at a repetition rate of 10 Hz and using the third harmonic (355 nm) as the excitation source.
The time-resolved measurements were performed using the Continuum Surelite I laser (450 mJ @1064 nm), operating at a repetition rate of 10Hz and using the third harmonic (355 nm) as the excitation source, and the photomultiplier detectors mentioned above. For Ce 3+ , Nd 3+ , and Er 3+ samples a MSA card was additionally used to allow recording luminescence lifetimes in the nanosecond range.
Crystallography
The frames were integrated using the Bruker SAINT software package. Using a narrow-frame algorithm. Data were corrected for absorption effects using the numerical method with SADABS. A suitable crystal of [P666 14|[EuCl6] was selected and measured on a four-circle diffractometer Kappa APEX II (Bruker AXS) with CCD detector and graphite-monochromated Mo Kα radiation. The crystal was kept at 200.15 K during data collection. Using Olex2 43 , the structure was solved by direct methods using the ShelXS structure solution program and refined by full-matrix least-squares on F2 using the ShelXL program package. 44 Non-hydrogen atoms were anisotropically refined and the hydrogen atoms in the riding mode and isotropic temperature factors fixed at 1.2 times U(eq) of the parent atoms (1.5 times for methyl groups and the hydroxyl group).
CCDC The hydrated rare-earth chloride salts were dissolved in ethanol as well. Both solutions were mixed in a round bottom flask and stirred at room temperature for 3 hours. Ethanol was then carefully removed using a rotary evaporator at 80°C. The compounds were then dried overnight under high vacuum at 130°C. All compounds were characterised by CHN analysis; a table with the calculated and obtained values can be found in the Supporting Information (Table S34) . Karl-Fischer titrations to determine the water content of the samples showed values of < 20 ppm for all samples; however, the samples were found to be hygroscopic (the smaller the phosphonium cations, the more hygroscopic) and rapidly absorb water when exposed to air.
Conclusions
We have synthesised and characterised ionic liquid chlorometallate complexes using the [P666 14] + cation for the whole rare earth series with melting temperatures below 0°C. The crystal structure of [P4444| [EuCl6] as an analogue to the liquid samples was determined and shows hydrogen bonding of the [EuCl6] 3-with the α-protons of three surrounding phosphonium cations. Due to the long alkyl chains on the cations, the quality of the crystal structure determination is limited, but the crystallographic model is good enough to confirm the expected octahedral coordination and cation / anion interactions. The EXAFS spectra of three hexachloro lanthanate ionic liquids with Ln = Eu, Nd and Dy, could be satisfactorily fitted with one single scattering Ln … Cl shell and one multiple scattering shell with double the distance of the single shell. Within the EXAFS error margins, the coordination number is equal to that of the reference materials, i.e. six. The EXAFS measurements show that the Ln‧‧‧Cl distance decreases with decreasing lanthanide ionic radius: 270 pm for Nd 3+ (ionic radius = 98.3 pm for the six-coordinated trivalent ion), 266 pm for Eu 3+ (ionic radius = 94.7 pm for the sixcoordinated trivalent ion) and 265 pm for Dy 3+ (ionic radius = 91.2 pm for the six-coordinated trivalent ion). The increasing charge density leads to a stronger attraction between the lanthanide ion and the chloride ligands, resulting in a shorter Ln‧‧‧Cl distance. The luminescence spectra for Tb and Eu show visible light emissions, whereas NIR luminescence was observed for Nd and Er. Relatively long luminescence lifetimes were found for the NIR emitter (Nd: 2.470 µs and Er: 2.725 µs). The magnetic susceptibility measurements showed all of the measured samples (Dy, Tb, Gd, Nd, Er, and Ho) to be paramagnetic with effective magnetic moments that are all within the expected range for trivalent ions of the respective rare earth elements.
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